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Though the first documented1 photovoltaic effect is associated wi th a

semiconductor/liquid junction, it has not been ~nti 1 very recently that

significant solar energy conversion efficiency could be realized wi th a

photoelectrochemical device. A semiconductor/liquid junction solar cell Is one

where one or both electrodes In an electrochemical cell is a semiconductor

such that irradiation of the semiconductor(s) results In the non—spontaneous

fl ow of electric current in the external circuit. Photogeneration of

storabTe chemical fuels In the form of electrolytic products is possible ,

in addition to the prospect of converti ng light only to electrici ty when

the redox reaction occurring at one electrode Is the reverse of that at the

other. The aim of this Account is to outline our recent research

accomplishments In the field of photoelectrochemistry. Our work in this

area began In late 1974 — more than a century after the first studies1 of

photoeffects upon irradiation of an electrode In a cell and a number of years

after modern pioneering studies of semiconductor/liquid interfaces25 which

led. to the formulation of our present working hypotheses of such interfaces

exposed to optical illumination. 
- 
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Semiconductor/Liquid Junctions

Our research in semiconductor photoelectrochemistry began when a good

• working model for the semiconductor/liquid junction had already been

formulated and perhaps best articulated by Heinz Gerischer.6a A suivnary

of the junction characteri stics is essential to an appreciation of the

problems confronting us when we began. We briefly describe the inter-

facial situation essentially in Gerlscher1 s terms.

Ininersion of a semiconductor electrode into a liquid electrolyte

solu tion may result in charge—transfer equilibration between the two

media. The potential of the electrode, Ef5 is then poised to the

electrochemical potential of the solution, Eredox • The ~interesting

finding is that the equilibration resul ts In a relatively thick

space—charge layer In the semiconductor near the surface exposed to

the liquid. For semiconductors where the majority charge carriers are

positive holes, the material is referred to as p—type, and where the

majori ty charge carri ers are negative electrons ,. the material Is referred

to as n—type. The effect of the equilibration is to reduce the majori ty

charge carrier density near the surface, and the space-charge layer is

therefore also referred to as the depletion region. Scheme I shows the

Interface energetics for n- and p-type semiconductors inmiersed in liquid

electrolyte solutions. ET~~ denotes the top of the valence band and can be

regarded as the position of the highest occupied molecular orbitals

delocalized over the solid , and E~~ denotes the bottom of the conduction

band which represents the lowest unoccupied molecular orbitals. The

energetic separation of and Is the band gap, ESG, and light

of energy 
~ 

EBG Is useful in exciting electrons from the valence band to

the conduction band. The objecti ve in energy conversion applications is

to effi ciently transduce the exci ted electron hole pairs to produce
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electricity or chemic.. ~uel. In Scheme I , the depletion region is that

region In the semicor.. ::3r near the interface where the bands are bent,

upwards for the n—type and downwards for the p-type semiconductor .

For a given semiconductor/liquid junction the positions E~8 and

are generally taken to be fixed relative to Eredox• Owi ng to the

band bending, photogenerated mi nority carriers (e ’s for p-type, holes for
n—type) are driven to the surface exposed to the liquid and are —

available for redox reaction. The hole for n-type materials has an

oxidizing power no greater than Ev8~ 
whi le  the e ’s for a p-type

photocathode have a reducing power equal to E~~. However , just what redox

processes can be light driven depends on interfaclal charge transfer kinetics

(vide 1 nfra). Scheme II sunrari zes the interface energetl~~and ci rcuits for

so—called regenerative cells, where the reaction occurri ng at the photo—

electrode is the reverse of that at the counterelectrode. The objective is

to optimize the product of output vol tage, ~~ and photocurrent. Increased

band bending” reduces but inhibits electron-hole recombination and back

reaction. Approximately 0.3 V of band bending is needed to give quantum

yields for electron flow approaching unity.

Wherr fuel formation In the form of electrolytic products is desired

the reaction at- the photoelectrode Is not simply the reverse of that at the

counterelectrode. For example,. photoelectrolysis of H20 involves the

. 
H~~/H~ couple at one electrode and the Oa/HzO couple at the other. The

desired energetic situation Is that the and E~ positions straddl e the

potentials of the solution couples , Scheme III, so that the exci ted elect ron—hole

pairs have the oxidizing and reducing power needed to drive the two half-cell

reactions. In such a case , no other energy input other than light is needed

to produce the fuel .
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SCHEIE III Energetics required to be able~to photochenically drive
the reduction of B~ and the oxidation of A with no otherenergy input other than light.

___________________ - - - -~~~~~~~~- -- -~~~~~~~~ -~~~~~ - —--—- —~~~~~~~ —~~~
-
~~~~~~~ -~~

_ _~~~~;~~~~~~~~ — •



_ _  - -~~----~~~~~~ ——--~~~ ~~~~~~~~~~~~~ _~~~~~~~~~~
•
~~ 

The Practical Problems

Unfortunately, anodic reaction of n—type semiconductors is a hole process

competitive wi th other hole processes , and in particular , photoanodic

decomposition competes wi th the oxidation of solution reductants .

The consequence of photoanodic reaction of the semiconductor is disaster: the

photoelectrode Is either irreversibly consumed or surface corroded in a manner

• 
. which renders it useless. All n—type semiconductors are subject to photoanodic

decomposition, since the formal potential for oxidative decomposition , E0
0 ,

Is more negati ve than EVB
?’8 Further, If Eredox (.A+/A) Is more positive than

E~ spontaneous oxidation of the semiconductor by the electrolyte solution

is possible In the dark. The rates of the various hole processes determi ne

whether a given system will be inert; as always, thermodynamics reveals only

what is possible, not the rate of a spontaneous process . But it is an empirical

fact that all non—oxide n—type semiconductors undergo photoanodic decomposition

reaction in aqueous electrolytes. Even some very thermodynamically robust

oxides are susceptible to photoanodic decomposition; the oxidizing power of

photogenerated holes in such materials can be greater than that of elemental

fluorine.

- Incorporating the notion that anodic decomposition can occur results in

limitations to what junctions are thermodynamically stable. Further , to the

extent that E~Q~” is above E~~ one cannot obtain a. thermodynamically stable
junction having a barrier height equal to EBG, suggesti ng that efficiency

will be limited to a value somewhat below theoretical .7 Scheme IV shows a

thermodynamically stable junction wi th respect- to oxidative processes, but

whether the semiconductor is observed to be durable under Illumination depends

on the A • A+ conversion having 100% current efficiency.; that is , the rate of

• oxidation of A by the photogenerated hole must be Infinitely greater than the

rate of oxidative decomposition of the semiconductor. The sustained operation
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SCHEME IV Interface energetics for a semiconductor/liquid
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oxidative decomposition of the semiconductor;
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of a semiconductor/liquid junction cell , therefore, depends crucially on

the kinetics of lrtterfacIal charge transfer. It has been speculated that ~jj

p—type materials undergo decomposition at leaston the surface, simply upon

1um~ersion into an electrolyte solution , since the value of Ef at EFB Is near

and there are holes available in the dark to provide a mechanism for

oxidation? Also, photocathodic decomposition of p—type materials may limi t

their use.7’8

While maintaining the integrity of the photosensitive electrode surface

is essential to any sustained energy conversion , the conversion efficiency

will depend on the quantum yield , ~~ and the match of E8Q to the optical

energy source. Like all other photovoltaic devices, the semiconductor/liquid

junction cell is a threshold response system: light < EBG in energy is

completely transmitted and therefore Ineffective, but light > ~~ is no more

effective than light of energy EBG. Sunlight is polychormatic, and the

theoretical solar energy conversion effici ency maximizes at about 30% for a

single photoelectrode—based cell with an optimum EBG of — 1.4 eV;9 a double

photoelectrode (p—type photocathode, n-type photoanode)6b cell with two different

- band gaps coult ideally be over 40% in efficiencyL9

Photoelectrolysis of Water

Ia 1972, Fujishima and Honda claimed the sustained

oxidation of HaO at illumi nated 1102.1° Their paper; frustration at gasolifle

stations; and. the desire to gain fun.~1ng and entry In a new research field;

stimulated us to begin our work In photoelectrochemistry, and early in

1975 we publ ished the results of an Investigation concerning the use of

n—type 1102 as a photoanode In a cell for the photoelectrolysis of H20 to

H2 and ~~~ Experiments were carried out in H20/D2
180 solution and gases

evolved at photoanode (Tb 2) and cathode (Pt) were identified as
l8~16~, 16o~, and 

1802 and H2, HD, and 02 by mass spectroscopy. Current

efficiencies for the production of 02 and H2 were essentially In accord
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with equations (.1) and (2), and measurement of the mass of Ti02 before and

[Photoanode) H20 2h# (2 ~~~~~~ 
-‘- ½Q~ 

+ 2H + (TiC2) ( 1)

[Counterelectrode) 2~+ 2e H2 (Pt) (2)

after prolonged photoelectrolysis was the same. Finally, current densiti es

of —0.5 A/cm2 for O~ evolutj~n were sustained In alkaline solution, usIng
• uv—laser exci tation for H20 oxidation. These data provided compelling proof

that TIOZ Is a very durable photoanode material for the highest sustained

rate of optical to chemical energy conversion ever demonstrated.

But additionally, we found that the chemistry represented In equations

(1) and (2) could not be effected by simply short-circuiting 1102 to Pt and

-illuminating wi th >EBG 3.0 eV light. Rather , it was found that a power

supply in series in the external circuit providing —0.2 V of driving force

1s~ needed. The value of E~ for 02 evolution is only -1.0 V. Thus, though

the water splItting requires a potential difference of only 1.23 eV, the

3.0eV band g~ TiO2.could not achieve this minimum voltage. The difficulty is r~di1y

appreclatedfron ~af~t that th
~

TiOaband positions relative ~ the H2 and O2evolution

poten1~als are s~ h thet~~ismcre post dve than the P2.e~oluthzi poteitlal ~ -O.2 V. Cleariy, ~e

generated hole is capable (thermodynamically) of oxidizing H20 to 02, but

the excited electron potential Isnot more negative than E
~3 and falls shy of

the H
~ 

evolution potential by the —0.2 V needed from the power supply. Et Is

very likely that short-circuit photocurrents observed in T102-based cells in

fact corresponds to H20 oxidation to Oa but does not involve H2 evolution at

the Pt; rather, the cathode reaction is reduction of 0
~ 

or some other el ectrolyte

• impurity. Indeed, Bard12 has exploited the 1102 system to generate electricity:

H20 ~ 
02 (photoanode) 02 ~ H20 (cathode). Such a cell is inefficient for

solar conversion owing to the large EBG of 1102 which results in only ultra-

violet response. 
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T102-based cells as practi cal systems suffer from

too large a band gap and the need for the external driving force in series

wi th the photoeffect. The ideal photoel ectrode would have the interface

energetics as sketched In Scheme ~I where the and H2 evolution potentials

are the solution potentl als of importance. Valence band holes would effect
Q
~ 
evolution, and conduction band electrons would have the

potential to evolve H2. Excess energy In the EBG compared to

the 1.23 V needed to splIt H20 would be necessary to

drive the redox chemistry at a fast rate. -

In 1976 we1~ and two other groups
14’15 reported the first sustained

conversion of H20 stoichiometrically to H2 and 02 using light as the only input

ene-gy sairc~ employfr~ an n-~pe Srti0~-based cell. For SrtiO3 tie short-circuit, fu l l  cel l

eiergetics are 9Jch tiat ard straddle the H2 and 0~evolu
~
m potentials Like Ti0

~
, SrTiO3

is a very durable material and was found to remain unchanged after prolonged

use as a photoanode in alkaline media~
3 Unfortunately, SrTiO3 has too large a

band gap to be useful in solar energy appl ications , but such a cell has

monochromatic ultraviolet light to stored chemical energy conversion

efficlincy in the range of 25—30%1. This still represents the state of the

scfence in photoelectrolysis, wi th a solar energy conversion efficiency in the

range of 1%.

SrIlOa—basecL cells have also been- used to demonstrate the highest

sustained rate of optical to chemical energy~
6 With an Ar Ion laser tuned

to the 351, 364 nm doublet emission , we showed that the photoelectrolysis of

H2.0 can be effected with an evolution current density exceeding 5 A/cm2.

The efficiency, of the energy conversion was determined to be largely independent

of the energy conversion rate . The data showed SrTIO3-based cells to be able

— 
~Ut ~~~~~~~~~~



to generate >30 W/cm2 of stored chemical energy in the form of H2 and 02
without substantial decline in efficiency and there was no detectable

deterioration of the photoanode material.

Platinized single—crystal n-type semiconducting SrTiO3 effects the

evolution of both H2 and Q~~~&~
’ H20 when illumi nated with ultraviolet

light in aqueous electrolyte solutions l7 The results are not surprising

in view of the interface energetics; platinizing the

SrTIO3 surface is. not unlike short—circuiting the semiconductor to a Pt

counterelectrode. For the platinized material 02 is evolved at illuminated ,

naked SrTIO3 whereas the platinized portions serve as the cathode (site of

H2 evolution). Such platinized semiconductor material can be no more

efficient than the electrochemical cell and suffersthe disadvantages of

(1) non—useful light absorption by the Pt, (2) evolution of H2 and 02 in

the same region of space and (3) inability to run the photoelectrolysis at the ¶ 1

Nmaximum power point” of the photocurrent/potential curve associated with the

photoelectrolysis of H20.

There have been a number of other n—type semi~ 
-

conducting oxides- used as the photoanode in a cell for the electrolysis of

HaO.. So far, all materials used suffer from at least one of the following:

— poor wavelength response, decomposition, or improper disposition of the

- band edges relative to the. H2. and. 0~ 
evolution potentials.,18’19 Table I.

The Improper disposition of bands Is a. difficulty which at first would

seen’ surmountable by simply varying the pH at which the photoelectrolysis

IS conducted. The rationale is that both 02 and H2 evolution are pH

sensitive but always separated by a minimum of 1.23 ‘~ -

The idea is that if the conduction band falls shy of the H2 evolution potential

then ~e pH could be lowered tontve the H2evolution ~ a nu~e p~ itive value. For

________



semiconductors generally, this may be possible, but for the oxides studied

thus far they are either soluble at a useful pH or the ECB and

positions move with pH such that and E
~B 

and 02 and H2 are all

constant relative to each other.~ The pH dependence of the band edges is

a consequence of surface acid—base equilibri a resulting in a different

chemical composition at the surface as the pH Is varied. Generally, ~~
and Ec8 will only remain fixed if the solution has a constant composition.

Non-Oxide, n—Type Semiconductors and Electricity Generation

There is not a singlet- non—oxide,

n—type semiconductor which has been shown to be capable of sustaining 02
evolution from H2.0 when illumi nated. Rather, all such materials undergo

efficient photoanodic decomposition?’8The situation with CdS is

- representative; It undergoes photoanodic decomposition according to

equation (3). Photocurrent lasts only as long as it takes to form an

2+2 h” Cda + S + 2e (3)

insulating layer of elemental sulfur on the CdS surface. It appears that the

photogenerated holes in CdS do have the necessary oxidizing power to effect 02
evolution from H20, but the oxidation of the lattice Is kinetically faster.

Such- seems to be the case with a number of other non-oxide materials, and

our efforts since mid—1 976 have focused on the problem of learning how to

manipulate the relative rates of the various hole processes that may occur.

- lit 1976 weal ant.two other research groups~2’~ independently reported that CdS

and CdSe could be protected from photoanodic decomposition by adding Na2S

and S to the aqueous solution. The dramatic improvement In the constancy o~
photdcurrent from a CdSe-based cell ise~ident in Figure 1. In this system the oxidation
reaction occurring at tie photoanode is tie oxidation of some polysulfid~~S~

2 , aid

~ parently rot the oxidation of tie lattice selenide. At the cainterelectrode the reduction

- 

of some ~~ species ~ tains ~~give a cell ~1iere ro ret chenical change resul±s . The 

~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _  _ _



recbx processes occurring at the ~~ electrodes are the reverse of one arother as in Bard’ s~
2

TtO1I~ased cell , but tie F2~ for Cd~e is 1.7 eV, giving significant visible response. Such cells

this cai be used ~~sustain the conversion of light 1~electricity t~ pitting a load in series

in the external circuit. The situation is essentially that shown in Scheme II ,

and the objective woul d be to optimi ze the product of photocurrent and

voltage for a given input optical power .

The sustained use of other non—oxide photoanodes depends on being able

to protect them from photoanodic decomposition. Accomplishing this by

adding reductants to the solution sacrifices the ability to directly oxidize

H20 (or any other reductant) but oxidation of the additive may be valuable

in -Its own right, or if the oxidation can be reversed at the counterelectrode

conversion of light to electricity can be effected.

We24and others25have now established that a number of non-oxide, n-type

photoanodes can be protected from decomposition by at least one of the - -

CX S, Se, Te) systems. A list of photoanodes and their band gaps which can

be used are given in TableL A number of these electrode materials In the

containing electrolyte solutions yield. fairly efficlent(> 5% efficiency)

solar c~1Ts~

__________ ---~---——~~ - - — - - -~ -~— - - -



Non—aqueous solvents can be used to

dissolve .a large number of organic and organometallic redox couples which

have fast heterogeneous electron transfer rates and which have formal

potentials covering much of the electrochemical potential scale. Bard ’s

studies of semiconductor/non—aqueous electrolyte systems has provided for

the location of the semiconductor band edges on the electrochemical scale.

Further, the studies revealed the presence of electrochemically important

surface electronic levels situated between EVB and ECB. Such surface and

interface states may play a crucial role In the overall kinetics in many

l iquid junction devices 26’27

Bard and Wrighton7pointed out that non—aqueous solvents could

offer some advantage wi th respect to thermodynamics for photoanodic decomposition .

Shortly after this assertion it was determined that 1 could serve as the

reductant In an n—type CdS—based cell for sustained electricity generation when

cH3CN Is the solvent.
28 In H.,0, the or I~

’ oxidation product from I will

oxidatively react with CdS In the dark, but in CH3CN it is apparent that

Is more positive than the 1/13 couple. The E~ is certainly more

positive for CdS in CH3CN than in H2.O, since Cd
2
~ is likely solvated better

In- H2.O than in CH3CN. That the 13 /I. couple is more negative in CH3CN -is

likely useful as well. 
-

rn the Fall of 1977 we. reported our results on the sustained conversion
of Tight to electricity using an n—type Si-based photoelectrochemical cell
employing a non—aqueous, EtOH, electrolyte solution of ferricenium/ferrocene.29

The significant finding was that ferrocene could completely suppress the

growth of Insulating SIO~ on the surface of the Si photoelectrode. Formation

of SiO~ occurs efficiently and eve~’ trace quantities of H20 in non-aqueous
- 

- 

media are sufficient to provide a source of oxygen for the formation of the

S1O,~. Presumably, ferrocene can capture photogenerated holes at a rate

which precludes such oxide growth. Subsequently, it was found that

—- ~~~
---— -- S ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
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r ~~~ferrocene solutions could be used to obtain constant output from n—type

Ge in EtOH-so Iutlon30and from n-type GaAs in CH3CN so1ution~~ Ferrocene is

attractive, since it is a fast, one—electron reductant yielding a product,

ferricenium, which is reducible at the counterel ectrode. The

ferricenium/ferrocene potential is such that a good output voltage can be

obtained for n—type GaAs or Si (>0.5 V at open-circuit)~~’~~n—Type Ge yields

a low output voltage and has a small band gap (—0.7 eV). 30

C’. iz’i.)
Thus far, the best efficiency,~for electricity generation remains wi th the

2— 2— 251
- 

n—GaAs /Se2 /Se aqueous solvent system. However , non-aqueous electrolyte

cells of 1 — 5% will likely be comiion without signifi cant efforts toward

optimization. Further, the non—aqueous media allow for fundamental studies

• not always possible in H20 owi ng to solubi l-ity or durability of the

semiconductor. For example, we have recently examined the interface energetics

for n—type Mo52 CEBG 1.75 eV) in CH3CN or C2H5OH electrolyte solutions.
31 The

data allowed a very accurate assignment of the va lue of EFB at
+ 0.30 V + 0.05 vs. SCE. The position of EVB is even more positive than

that for CdS and about the same as Tf0
~
T This result suggests that visible light

generated holes In M0Sa are indeed very powerful oxidants.

Chemically Derivatized Semiconductor Photoelectrodes

The discovery~ tint ferrocene could completely suppress the

formation of S10~ formation on’ n—type SI prompted us to consider

l obi Ii zi ng ferrocene centers onto the surface of semi conductors, in order to

protect them from destructive photoreaction while also allowing the

photosensitive material to be useful in -oxidizi ng or reducing substances other

than ferrocene. In particular , we had in mind designing photosensitive

Interfaces which would be rugged and could be used to effect contrathermodynami c

oxidation reaction ordinarily too slow to compete with SiO~ formation at

-na kd0 (non—d.ri vatized) SI. The hope was that invnobilized ferrocene would



- - - -~ -~ 
-U’

- -

be capable of completely efficiently capturing photogenerated holes and would

be thereby converted to ferricenium at contrathermodynamic potentials. The

photogenerated ferricenium would then be capable of effecting oxidation of

solution reductants. In principle, any substance which can be oxidized

by ferricenium would be oxidizeable with the derivatized Si. The

essence of the concept is illustrated in Figure 2.

The exciting idea of semiconductor photoelectrode derivatization was

further stimulated by the work of Anson~~Hubbard ,
33 Kuwana~

4Miller,~~Murray,~ and

0sa,37which~~~becoming known to us. Their efforts concerning the confinement

of electroactive materials to reversible electrode surfaces provided the point

of ininediate departure for a flurry of activity in my research group during

the suniner of 1977. -

Our approach was to adopt the procedure of surface derivatization using . 1

hydrolytically unstable silanes. For this purpose we synthesized the

species I—Ill which have all been used to derivatize electrode surfaces.

- c9::~
;;,__.S

~
c
~

Various electrode surfaces have been derivatized with

~~‘~aieñ~
i jT flj~~

49 and characterized by electrochemi cal ,38—40,43-45 
-

Auger,42 XPES,4~ and photoacoustic spectroscopy ,50 Tabl e III. The

essential results are as follows. Electroactive material can be persistently

attached, and derivatized n—type semiconductors generally give light-induced

contrathermodynamic oxidation of the surface-bound material compared to the
behavior Of reversible materials derivatized with the same reagents . The

________________________________________________________________________ ~ - - • - - - - ~
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formal potential, E° , for ferrocene’ confined to the surface of a reversible

electrode Is about the same as for ferrocene in solution. 
- But on n—type Si ,

the ferrocene can be oxidized contrathermodynamically by — 0.5 V. Further ,

for derivatized n—type Si the sequence of events occurs as sketched in

Figure 2 where B ferrocene or N,N,N’ ,N’-tetramethyl-~—phenylenediamine in
non—aqueous media or [Fe(CN)6]~~ in aqueous electrolyte solution. Finally,

FIgure 3 illustrates the remarkable ability of the derivatized electrode to

survive as a photQanode compared to the naked electrode; apparently den-

vatization does not compromise efficiency for electricity generation, but

substantial improvement in durability obtains by inhibiting photogenerated

hole processes associated wi th Si0~ formation.

Derivati zed semiconductor photoelectrodes offer a way to design
photosensi tive inter-faces for effecting virtually any redox process.
Efforts here are really just beginning and will comprise an important

part of our continuing research.

Prognosis

Photoelectrochemistry has already provided the most effi cient means

of transducing sblar energy into chemical fuel (H2 + ½0z front H~9, —1%)

or electricity (—12%) using man-contrived, wet-chemical systems.

There is great interest in this area; many new and good researchers are
- being attractet Into, the field. Large numbers of research articles

are’ appearing reporting new systems and higher effi ci end es. SI gni fi cant

advances are likely to be made in preparation of large area, thin f i lm

- 
photoelectrodes, and in surface modification for purposes of manipulati ng

charge transfer kinetics. The race is on to gain suffi cient understandi ng

to provide a scientifi c base for a new, large scale energy resource

option for use in the first half of the twenty-first century.

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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Table I. Durable Photoanode Materials for Photoelectrolysis of Water .a

Material EBG, eV Coninents Reference

1102 3.0 Rugged, but E86 too large and
ECB and E

~8 too positive. 11,16

- 

SrTiO3 3.2 Basis of most efficient cell for
H2, 02 production, E8Q too large, 

-

- E~8 too positive. 13,16,17

Sn0
~ - 

3.5 E~~ too large; ECB and E~8 too
positive; produces H202 in

- acidic media. 16,18a

- KTaO3 3.4. E~~ too large, E~8 too positive. 18b

Fe
~9a —2.2 Relatively good visible response

- 

but EVB and too positive. 1~

aMany other “ stable1’ photoanodes are known (see ref. 19.).; these are
representative.
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TabletI. Non—Oxide Photoanodes Which Can Be”Stabilized”by Chalcogenide Ions .

Semiconductor E96, eV References

- CdS - 2.4
- CdSe 

- 

1.7 21-25

- CdTe 1.4 J
GaP 

- 
2.2 24c

GaAs 1.4 24c, 25c, d

InP 
- 

1.3 244

1.4 25e

BIZS3 
- 

-
‘ 

‘~1.# 23

- 

..
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Tab1e.~~~ Electrode Materials Derivatized by Hydrolytically Unstable

Ferrocene Reagents , .L~ ~~~~~ or ilL.

Electrode Coninents References

Pt (Reversible, high coverages , very
I durable, E° wi thin 100 mV of
~ solution ferrocene, Auger and XPES 41—44

Au - I of surface shows ferrocene polymer
\signal s.

n—type St Durable, n—type behavior, 39,40,45,46) (photooxidation, dark reduction)
~ photoanodic peak as negative as

——0.1 V vs. SCE, —0.5 V contra—
thennodynami c.

- 
n—type Ge Lower output photovoltage than 30

~ n—type Si; dark anodic currents
observed due to surface states

~and/or low band gap (.0.7 eV).

p—type Ge & Si Not Fully Characterized 47

n—type MoSa Not Fully Characterized 48

- 

- 

n—type GaAs Similar to n—type Si , but more 49
- 1 contrathermodynamic photo— -

routinely possibl e

n—type rIO, rNot fully characterized, but shows 48
S evidence for “surface states” located
Lbe~~een ECS and EVB. 
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Figure Captions

Figure 1. Photocurrent against time for 632.8 nm ( .‘3mW ) illumination
of single crystal (0001 face exposed ) n-type CdSe (EBG = 1.7 eV) photoanode
In 1.O MNaOH (I) and l .OMNaO H , l .0MNa 2S,1.0~~S(o) aqueous electrolytes
wi th a Pt counterelectrode. The current in the S 2— electrolyte was continued
an additional 48 h without variation. In’ the absence of S~ 

— photocurrent
falTs rapidly owing to photodegradation of surface. Reprinted with permission
from Ellis, A. B.; Kaiser, S. W.; Wrighton, M. S. 3. Am. Chem. Soc., 1976.

, 6855. -

Figure 2. Pictorial representation of mediated oxidation of solution species B
where A is the electrode—attached electroactive species. Reprinted with
permission from Bolts, J. N.; Bocarsly, A. B.; Palazzotto, N. C.; Walton , E. G.;
Lewis, N. S.; Wrighton, M. S. 3. Am. Chem. Soc., 1979, 101 , 1378.

Figure 3. “Stabilization” of n—type St In aqueous solution by derivatization.
Plots of photocurrent against time for a single n-SI electrode illuminated
with 632.8 nm light.’ Photoelectrode held at +0.2 V vs. SCE in
stirred solutions. Supporting electrolyte is 0.1 M NaC1O4 in doubly
d~1stil1ed deionized H20. Run 1 (a), HF-etched “naked” electrode in supporting
electrolyte only. Run 2 (0), “naked” electrode re-etched wi th HF, in
supporting electrolyte plus 4 x 1O~ j  FeCCN)6

4 . Run 3 (I), electrode
derivatized wi th (l,P—ferrocendiyl)dichlorosilane, II, In same solution as
run 2. Reprinted with permission from Bolts, 1. M,; Bocarsly, A. B,;
Palaz,zotto, N. C’.;. Walton, E.. G.; Lewis, N. S.; Wrighton, N. S.

- ,L. Am. Chem. Soc., 1979, 101,- 1378. 
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